The connection between the lateral habenula (LHb) and the serotonergic system has been studied for several years.
a preferential enriched HT2C gene expression in the LHb compared to the MHb and also showed an unexpected high expression of HT2A in the LHb. 9 Nevertheless, the anatomical distribution of the 12 The pharmacology employed would suggest a 5-HT 2C R-mediated mechanism. Consistently, the preferential 5-HT 2B/2C R agonist Ro 60-0175 enhanced the firing rate of several neurons and promoted burst mode of discharge upon its local injection into the LHb in vivo. 13 To the best of our knowledge, no studies have specifically looked at the resulting effect of systemic injection of 5-HT 2 R agonists on the LHb neuron activity, despite its clear translational significance.
In this study, to fill this gap, we studied the effect of the intra- 
| ME THODS

| Animals
Male Sprague-Dawley rats, obtained from Charles River Laboratories in Margate, UK, and maintained at the Department of Physiology and
Biochemistry at the University of Malta, were housed at 21 ± 1°C, with 60 ± 5% humidity, and a 12-hour light/dark cycle (lights on at 7 am and off at 7 pm). Food and water were provided ad libitum. Adult rats that weighed 270 g-320 g on the day of surgery or brain extraction were used. All procedures were carried out in accordance with institutional guidelines (Institutional Animal Use and Care Committee (IAUCC) of the University of Malta), the ARRIVE guidelines and the EU Directive 2010/63/EU for animal experiments. Utmost care was taken to limit the number of rats used and their suffering.
| Extracellularsingle-unitrecordings
Standard extracellular recording in vivo was performed. After the first injection of chloral hydrate (400 mg/kg, ip, Sigma-Aldrich, UK), rats, placed on a homoeothermic blanket (37 ± 0.5°C) received an iv infusion of chloral hydrate (8% w/v; 8 mL/h). Borosilicate glass micropipettes (4-7 MΩ resistance), filled with 2% pontamine sky blue solution in 0.5 mol/L sodium acetate, were positioned in the LHb (3.4-3.8 mm AP from bregma; 1.4-1.8 mm ML from midline; 4-5 mm DV from surface of cortex; electrode set at a 10°angle 18 using a one-axis hydraulic micromanipulator (MO-10, Narishige, Japan). Signal acquisition was performed with a micro1401 CED laboratory interface connected to Spike2 v7.4 (Cambridge Electronic Design, Cambridge, UK) and a Neurolog amplifier and filtering system (Digitimer Ltd. UK; 10k amplification, band-pass filter set at 0.5-5 kHz). A postmortem histological analysis was performed to locate the recorded area ( Figure 2 , inset) 19, 20 (see Data S1 for signal analysis).
| Drugsandpharmacologicaltreatments
TCB-2, Ro 60-0175, MDL11939, and SB242084 were purchased from Tocris Biosciences, UK and dissolved according to our previous study 20 (see Data S1). The doses have been chosen on the basis of previous experiments reporting their efficacy and selectivity. [20] [21] [22] [23] All laboratory reagents were purchased from Sigma-Aldrich, UK.
Once a stable neuron was detected using the procedure described previously, the rat was given, through the lateral tail vein, cumulative doses (640 μg/kg, iv) of 1 drug or its own vehicle. A total of 8 doses (5, 5, 10, 20, 40, 80, 160 , and 320 μg/kg), each dissolved in 100 μL of vehicle, were given at 2-minute intervals. Combined injections of antagonists and agonists and appropriate vehicle were performed.
Post-treatment of SB242084 (200 μg/kg, iv) was given 2 min after Ro 60-0175 (5-640 μg/kg). A post-treatment was used instead of a pretreatment as less than 50% of neurons were responsive to Ro 60-0175 cumulative treatment. Pretreatment with MDL11939 (200 μg/kg, iv) was given 5 min before TCB-2 (5-640 μg/kg).
| Statisticalanalysis
Individual responses of neurons to Ro 60-0175, TCB-2, SB242084, MDL11939 (all at cumulative doses of 5-640 μg/kg) and their respective vehicles were expressed in % change in basal firing rate.
The data report the mean ± SEM for each group, if any. One-way ANOVA with repeated-measures was performed separately for each treatment group compared to their respective controls. It was followed by Tukey's post hoc test (if required).
The interaction of Ro 60-0175 (5-640 μg/kg) with SB242084
(200 μg/kg) was analyzed using a paired t-test which compared the firing rate at 3 different periods: (i) predrug (the 2-min period before Ro 60-0175 administration); (ii) max-dose (the 2 min following Ro 60-0175 administration); and (iii) postblock (the 2-min period following SB242084 administration). This was performed separately for the different neuronal response groups.
In the case of the interaction of the factors for TCB-2 (5-640 μg/kg) and MDL11939 (200 μg/kg) pretreatment, a one-way ANOVA with repeated-measures was performed including the TCB-2 excitation group, and the TCB-2 inhibition group. A post-Tukey test was performed for each time point. Significant difference was considered when P < 0.05.
| Histologicalproceduresand Immunocytochemistry
Eight rats were used for the immunocytochemistry. 
| Proximityligationassayexperiments
Proximity ligation assay (PLA) experiments were carried out using Duolink kits supplied by Sigma-Aldrich. The following antibodies were used: (i) primaries goat anti-5-HT 2C R (diluted 1:1000; code ab32887; Abcam, Cambridge, UK) and (ii) rabbit anti-5-HT 2A R (diluted 1:1000; code ab66049; Abcam, Cambridge, UK).
Briefly, 4% paraformaldehyde fixed coronal brain sections containing the LHb were exposed to antigen retrieval with citrate buffer, pH 6, and microwave heating for a total of 10 min. After an over- 
| RE SULTS
| Electrophysiologicalcharacteristicsof spontaneouslyactiveLHbneurons
We recorded 210 spontaneously active neurons in the LHb extracellularly. In accordance with previous evidence, 
| Distributionofthe5-HT 2A R-and5-HT 2C R-immunoreactivityintheLHb
In the LHb, the 5-HT 2A R-IR was found to be associated with somatodendritic profiles and neuropil ( Figure 4A, B) . The immunolabeling for the 5-HT 2C R was found in somata and neuropil ( Figure 4C, D) similarly to other structures. 19 Immunoreactive neurons for both re- Table 1 ). The lack of localization was confirmed by a proximity ligation assay which showed no 5-HT 2C R:5-HT 2A R interaction in the LHb ( Figure 6 ).
We also performed PLA for NMDA subunits NR1:NR2A as positive control ( Figure 6B ) to assess the accuracy of the method. As showed, PLA for NR1:NR2A provided a strong signal of interaction between the 2 NMDA receptor subunits that, in CNS, are widely represented in the same NMDARs tetramers. The result obtained therefore provides evidence of validation of the method.
27,28
| D ISCUSS I ON
We are the first to report that the peripheral administration of In further contrast to its local applications in vivo, 13 Ro 60-0175 had no effect on the majority of the LHb neurons recorded. The remaining neurons were principally inhibited at slightly higher doses and excited at lower doses instead. The excitatory and the inhibitory effects induced by Ro 60-0175 seem to be 5-HT 2C R-dependent as they were both reversed by the selective antagonist SB 242084.
Indeed, pharmacological responses of Ro 60-0175 that are not blocked by 5-HT 2C R antagonists have been described at relatively higher regimens. 31, 32 From our antagonism experiments, we can rule out the involvement of other receptors in the inhibition induced by
Ro 60-0175, that is, the 5-HT 1A R that was capable of hyperpolarizing some LHb neurons in vitro. 12 Peripheral administration of the antagonist SB 242084 did not alter the LHb neuron basal activity as its local application did, 13 not expected based on the lack of 5-HT 2A R mRNA reported in a previous study 6 but now in agreement with recent microarray evidence.
9
The 5-HT 2A R-labeling concerned only 9% of LHb neuronal cells and also it was highly associated with GFAP-labeled astrocytes and neuropil. Accompanying these results, we confirm previous in situ hybridization, immunohistochemical, and quantitative autoradiography data stating the presence of 5-HT 2C R in the LHb. Nevertheless, the protein of both receptors was not clustered in any specific LHb subnuclei, differently from their mRNA. ; ectopic and indirect effects can be numerous including projections from the basal ganglia and notably the substantia nigra pars reticulata, the VTA, the entopeduncular nucleus, the mPFC, the lateral hypothalamus, or the DRN, just to cite a few. 
| CON CLUS ION
The data presented here are important in the context of 5-HT control of the LHb function in normal and pathological conditions. It can be suggested that the responses to 5-HT 2 agonists are heterogeneous as they recruit distinct neuronal populations and possibly astrocytic cells too. This result is not surprising if we consider the complexity of the LHb, characterized by a heterogeneous expression of neuropeptides and proteins, delimitating numerous and distinct habenular neuronal subpopulations which could serve different biological functions.
8,9
Our new findings on 5-HT 2A R and 5-HT 2C R are very interesting. 
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